Shape memory polymers (SMPs) are attracting a great deal of interest in the scientific community for their use in applications ranging from light weight structures in space to micro-actuators in MEMS devices. These relatively new materials can be formed into a primary shape, reformed into a stable secondary shape, and then controllably actuated to recover their primary shape. The first part of this presentation will be a brief review of the types of polymeric structures which give rise to shape memory behavior in the context of new shape memory polymers with highly regular network structures recently developed at LLNL for biomedical devices. These new urethane SMPs have improved optical and physical properties relative to commercial SMPs, including improved clarity, high actuation force, and sharper actuation transition.
INTRODUCTION
Shape memory polymers (SMPs) have recently been receiving a great deal of interest in the scientific community for their use in applications ranging from light weight structures in space [1] to micro-actuators in biomedical devices [2] [3] [4] . These relatively new materials can be formed into a primary shape, reformed into a stable secondary shape, then controllably actuated to recover their primary shape. Such behavior has been reported in a wide variety of polymers including polyisoprene [5] , segmented polyurethanes [6] [7] [8] [9] [10] [11] [12] [13] [14] and their ionomers [13] , copolyesters [15, 16] , ethylenevinylacetate copolymers [13] , and styrene-butadiene copolymers [17] . A more complete review of SMPs and the relationship between supermolecular structure and shape memory behavior was given by Lendlein [18] . Generally, thermally actuated (shape change caused by heating) SMPs can be thought of as having a morphology consisting of a shape fixing matrix phase and a shape memorizing dispersed phase. Above the actuation transition in the shape fixing phase, the polymer can be deformed from its primary shape to a secondary shape by the application of stress, then locked into the secondary shape by cooling to below the actuation transition. The shape memorizing phase consists of physical or chemical crosslinking in the polymer, which allows the SMP to remember the primary shape. When the SMP is fabricated into the secondary shape from the primary shape, polymer chains in the matrix are made to go from an equilibrium unoriented conformation into conformations which have net orientation, decreasing the entropy of the system and requiring the application of force. Upon cooling below the actuation transition, this non-equilibrium conformation is kinetically frozen. Upon heating through the actuation transition, recovery of the polymer from the secondary to the primary shape is driven by entropic recovery of the polymer chains in the the secondary phase. The molecular and supermolecular structures which can make up the shape fixing and memorizing phases have been described in detail previously [18] .
SMPs have been identified as materials suitable for therapeutic microactuator fabrication [2] [3] [19] [20] . In previous work [3, [19] [20] , commercial SMPs based on segmented thermoplastic polyurethanes were used to fabricate a mechanical thrombectomy coil device used treat ischemic stroke (Fig. 1) . These commercial polyurethane SMPs were originally developed for other applications [21] and therefore may not be optimal for mechanical thrombectomy devices. Specifically, such devices require simultaneously high recovery forces, high optical transparency, and very sharp actuation temperatures. In this paper, we describe both the development of new shape memory polymers based on amorphous highly regular network polyurethanes and their use in these devices. Fig. 1 . Depiction of endovascular thrombectomy using the laser-activated SMP microactuator coupled to an optical fiber. (a) In its secondary straight rod form, the microactuator is delivered through a catheter distal to the thrombotic vascular occlusion (clot). (b) The microactuator is then transformed into its primary corkscrew form by laser heating. (c) The deployed microactuator is retracted to capture the thrombus.
MATERIALS AND METHODS
A series of network polymers was synthesized from hexamethylene diisocynate (HDI), N,N,N',N'-tetrakis(hydroxypropyl)ethylenediamine (HPED), and triethanolamine (TEA) with molar ratios of 1.01-1.02 moles isocyanate to hydroxy groups and varying from pure HDI/TEA to HDI/HPED. HDI (98%), HPED (98%), and TEA (99% anhydrous) were purchased from Sigma-Aldrich and used as received with care taken to prevent exposure to moisture. The monomers were weighed in a glove box to reduce exposure to moisture, mixed for 60 seconds under high shear using a vortex mixture, vacuum degassed for 8 minutes, then cast into cylindrical test specimens using 1ml polypropylene syringes or a teflon coated aluminum mold with rectangular (1 mm * 12 mm * 75 mm) or dogbone (ASTM D638 Type V) shapes. The cast parts were then cured using a temperature profile of 60 minutes at room temperature, then ramped to 150 C at 30 ˚C /hour, followed by 1 hour at 150 ˚C all under a nitrogen atmosphere. Parts were allowed to cool slowly prior to removal from the molds and stored under dessication.
Differential scanning calorimetry (DSC) tests were run on a Perkin Elmer Diamond DSC equipped with an intracooler 2. Samples with a mass of approximately 5 mg were cut from test rods as polymerized and placed in standard closed aluminum pans. The instrument was previously calibrated against an indium standard. Tests were run in multi-ramp sequences where the sample was first ramped from 30 to -20 ˚C, next up to 200 ˚C, next down to -20 ˚C, next up to 200 ˚C, with all ramping rates at 20 ˚C /minute. The resulting heat flow is adjusted using an empty
Fiber optic aluminum pan as the baseline. Glass transitions were calculated from the heat flow data using the instrument Pyris® [22] software, based on the temperature at which one half the change in the heat capacity has occurred due to the transition [23] . Dynamic mechanical thermal analysis (DMTA) was used to determine both thermal transitions in the new SMPs as well as provide information about the resultant polymer morphology and shape-memory behavior. Measurements were made using a TA ARES-LS2 model rheometer with TA Orchestrator control software. The test atmosphere was dry air with heating by forced convection. Cylindrical samples were used with dimensions of 4.65mm diameter and 60 mm in length. A torsion cylinder test fixture was used with a 25 mm gap between upper and lower fixtures. Dynamic strain sweeps at temperature extremes (25 and 150 ˚C) were used to determine the range of linear viscoelastic strain limit for further testing. Dynamic temperature sweep tests were then run on all samples at 6.28 radians/second (1 Hz) frequency from 25 to 150 ˚C, at a constant heating rate of 1˚C/minute. An initial shear strain of 0.01% was used though strain was subsequently adjusted by the control software as temperature increased to maintain a minimum torque of 2 gram*centimeters. Data points were collected every 15 seconds. The rheological quantities of dynamic shear storage modulus G', dynamic shear loss modulus G", and their ratio tan δ (=G"/G') were calculated by the Orchestrator software from the raw torque and angular displacement data using standard formulae [24] .
Isothermal tensile tests to break were conducted on the SMPs using an MTS Synergie test frame equipped with a 2000 N load cell, screw clamp type grips having a serated face, and measuring strain based on the separation of the grips. . The specimens used for this testing were the dogbone type (ASTM D638 Type V) and tested at a temperature of 80 ˚C. Isothermal cyclic testing at 80 C and using a maximum strain of 20% was done, using popsicle stick samples, in order to assess the ability of the material to exhibit shape memory behavior and the recovery stresses that could be exerted by the materials.
NEW SMP RESULTS
Polymers synthesized as described were found to be visually clear and had very low extractables (<1%), indicating the polymerization reached a fairly high extent of reaction under the curing conditions used. DSC thermograms were taken for several HDI/HPED/TEA copolymers through the entire range of composition. In all cases the thermograms show behavior consistent with a single phase amorphous polymer; specifically, they show a single step transition indicative of a glass transition. Based on the second heating ramp, Tgs for the HDI/HPED/TEA series range from 34 to 87 ˚C, increasing as the composition of the polyol component goes from 100% TEA to 100% HPED.
Additionally, the experimental data was fit to the Flory-Fox equation [25] , treating the pure component Tg's as fitting parameters. This model was found to describe the experimental data extremely well, providing further evidence of a single amorphous phase morphology.
The dependence of the mechanical properties of the new SMPs was determined by DMTA testing with the shear storage modulus for several of the HDI/HPED/TEA polymers shown in Figure 2 . The modulus curves appear just as expected for an ideal single phase network (thermoset) polymer with a moderate degree of crosslinking [26] ; namely, they display a single glass transition between glassy and rubbery states, a plateau modulus that is proportional to temperature, and no indication of a melt transition to the point of degradation. Values of G' at a temperature of Tg+20 ˚C range from 5.2 to 7.2 MPa and increase as the content of HPED increases. This coicides with the increase in the level of network junction points in the polymer due to the higher functionality of the HPED (f=4) monomer versus TEA (f=3).
Mechanical testing of the new SMPs was limited to an HDI/HPED/TEA copolymer with a composition close to A7 and having a Tg of 53 ˚C formulated to be a direct comparsion to the commercial SMP (Diaplex MP-5510). Results of extensibility testing at 80 ˚C indicate a Young's modulus (E) of 25±4 MPa and strain at break of 33±3%. The shape of the curve is nearly linear with a slight upturn in the slope prior to break. The value of E should be equal to 3* G' for an ideal elastomer and this is the case within experimental error. Isothermal cyclic testing was also completed on the same sample to a maximum engineering strain of 20%. Again, the shape of the curves is very linear and except for the first strain cycle, there is virtually no hysteresis, indicating most of the energy input is recovered as strain is recovered. Again, the modulus values derived from the slope of the curves agree well with the value of 3*G'. These observations indicate these polymers have excellent potential as SMPs. 
COIL STROKE DEVICES
Stroke is the third leading cause of death in the US, with approximately 600,000 ischemic strokes occurring each year [27] . Roughly two thirds of those are caused by thrombotic vascular occlusion (formation or lodging of a blood clot) in the arterial network supplying the brain [28] , depriving parts of the brain of oxygen often resulting in permanent disability [27, 29] . Traditionally, treatment has been limited to administration of recombinant tissue plasminogen activator (t-PA), a thrombolytic (clot-dissolving) drug which is infused over a 1-hour period into the systemic circulation. Clinical protocol requires that treatment may only be initiated within 3 hours of the onset of symptoms [30] due to the possibility of intracerebral hemorrhage. Unfortunately, most patients arrive at the hospital after the 3-hour treatment window has expired [27] with ultimately less than 10% of ischemic stroke patients being treated with t-PA [31] .
Alternative treatment modalities have exhibited the potential to overcome the drawbacks of systemic infusion of t-PA [32] . Clinical studies investigating localized intra-arterial thrombolytic drug treatment demonstrated neurological benefit in patients treated up to 6 hours after symptom onset [33, 34] ; however, the risk of cerebral hemorrhage persisted [35] . More recently, the Food and Drug Administration approved the use of an intravascular device to mechanically retrieve the thrombus up to 8 hours after the onset of stroke [36] . Using a helical nitinol wire to physically capture the clot, blood flow is restored in a matter of minutes rather than the hours required to chemically dissolve the clot. The combination of faster treatment and reduced risk of intracerebral hemorrhage should increase the number of patients eligible for treatment. Other mechanical thrombectomy methods, including photoacoustic thrombolysis [37] , capture of the clot using a snare device [38] or a nitinol basket [39] , and a saline jet device to fragment and aspirate the clot [40] , are under investigation. In addition to expanding the patient population eligible for treatment, these and other nonpharmacological means of vessel reperfusion may offer a faster, safer alternative to thrombolytic drug therapy after ischemic stroke.
We are developing an intravascular device based on a thermal shape memory polymer (SMP) to mechanically retrieve the thrombus and restore blood flow following ischemic stroke. Generally, SMPs are those polymers which can be formed into a primary shape, re-formed into a stable secondary shape, and controllably actuated to return to the primary shape. In our device, the primary shape is a tapered corkscrew and the secondary shape is a straight rod. The proposed thrombectomy concept is illustrated in Fig. 1 . We propose to deliver the SMP microactuator in its secondary straight rod form through a catheter distal to the vascular occlusion. The microactuator, which is mounted on the end of an optical fiber, is then transformed into its primary corkscrew shape by laser heating. Once deployed, the microactuator is retracted and the captured thrombus is removed from the body to restore blood flow.
In prior work [20] coils were made from commercially available SMPs MM5520 (nominal Tg=55 °C) and MM6520 (nominal Tg=65 C) purchased from Diaplex (a subsidiary of Mitsubishi Heavy Industries Ltd., Tokyo, Japan). The Diaplex SMPs are segmented polyurethanes based on poly(ether-urethane) chemistry [41] . The coils are made from extruded SMP strand 0.015" in diameter that is reformed into a new primary shape using an aluminum mandrel (Fig. 4c) at a temperature (135 °C) near the hard phase glass transition of the SMP. An example coil in both the primary (Fig. 4b) and secondary (Fig. 4a) are shown below. In comparison, coils were fabricated here from new SMP A3, having a Tg (DSC) of 75.7 °C. Devices were fabricated by placing a teflon tube with an inner diameter of 0.015" into the coil mandrel shown in Fig. 4c . An optical fiber is inserted into the tube in what will be the proximal side of the device and premixed and degassed resin is liquid injected into the tube. The part is then cured as described before and post cure the teflon tube can be cut off. An example of an SMP coil based on the A3 polymer is shown in Fig. 5a , and the joint formed by embedding the optical fiber in the SMP resin is shown in Fig. 5b . In use, the SMP microactuator is photothermally actuated using 810 nm laser light. In order to achieve heating of the coil along its entire length a 5 to 10 micron coating of thermoplastic SMP solution (MM5520, 20% in THF with 114 ppm Epolight TM 4121 dye/wt polymer) is applied by dip coating. Coatings were dried at 50 C under a vacuum of approximately 50 mTorr for 24 hours prior to further fabrication. In the case of the commercial thermoplastic SMP, the coil must still be coupled to a 240 micron optical fiber, which is done by predrilling a coaxial hole in the proximal end of the SMP, inserting optically transparent epoxy (EPO-TEK ® OG603, Epoxy Technology, Inc., Billerica, MA), and then the optical fiber. The benchtop characterization of the photothermal actuation of SMP coil devices was previously described by Small [20] in detail. The temperature of the SMP device was monitored during laser-activation in air using a cooled infrared video camera (Thermacam PM250, Inframetrics, Billerica, MA) fitted with a close-up lens. Changes in the SMP temperature were observed as the microactuator transformed from a straight rod to a corkscrew. Initial optical testing of the new SMPS included measurement of the effective power that could be transmitted through a minimal length of straight SMP strand in order to achieve actuation throughout the length of the device. For these tests a 120 micron optical fiber was used. These tests were conducted at laser powers applied through the optical fiber up to 8 Watts. It was found that the commercial SMPs overheated to the point of degradation in the vicinity of the optical fiber -SMP joint well before maximum power was reached. This is likely due to the absorption of laser energy by the material and scattering of light by the nanophase separated morphology of the SMP. In contrast, the new SMP was stable up to the full 8 Watts of power applied with maximum heating of ca. 120 o C (after a 1 second laser pulse) and relatively uniform heating throughout the length of the strand. While this is a crude test, it convincingly demonstrates a dramatic improvement in light transmission for the new network SMPs and hence their improved suitability for applications involving photothermal actuation.
CONCLUSIONS
We have designed and synthesized new SMPs based on highly regular aliphatic urethane networks. These new SMPs have moderately high recovery forces, excellent optical properties, a range of glass transitions from 34 to 87 °C, and very narrow glass transitions which translate to fast and well controlled actuation. Such materials appear to be much more suitable than commercial multiphase segmented polyurethane based SMPs for certain medical device applications, e.g for coil shaped mechanical thrombectomy devices and especially when such devices are photothermally actuated.
